Construction of animal models of human inherited diseases is particularly important for testing gene therapy approaches. Towards this end, we constructed a mouse model for Charcot-Marie-Tooth disease type 1A by pronuclear injection of a YAC containing the human PMP22 gene. In one transgenic line, the YAC DNA is integrated in about eight copies and the PMP22 gene is strongly expressed to give a peripheral neuropathy closely resembling the human pathology. The disorder is dominant, causes progressive weakness of the hind legs, and there is severe demyelination in the peripheral nervous system including the presence of onion bulb formations. This approach will be valuable for pathologies produced by over-expression of a gene including trisomy and amplification in cancer. Such models will be particularly useful for testing gene therapy approaches if the transgene is human.
INTRODUCTION
Charcot-Marie-Tooth disease (CMT) is the major form of hereditary peripheral neuropathy and causes significant neuromuscular impairment. The prevalence is about one affected individual in 2500, making it one of the most frequent inherited disorders. The first clinical signs of CMT usually appear during the second decade of life, and it is characterised by a progressive weakness of distal muscles, and hand and foot deformations. The disease is heterogeneous and is classically separated into a demyelinating form (CMT1) and an axonal form (CMT2). CMT1, the most frequent type, is characterised by a decrease in the nerve conduction velocity, due to the demyelination of the nerve fibers. The histology of the nerves is also characteristic and consists of a hypertrophic neuropathy with extensive demyelination of myelinated nerve fibers and 'onion bulb' formations due to Schwann cell hyperplasia [for review of CMT, see Chance and Fischbeck, 1994 (1) ].
Subtype 1A, the most common form of the disease, is inherited as an autosomal dominant trait. This disease has been associated with the partial duplication of the sub-band 17p11.2 (2,3), spanning 1.5 Mb, and generally arising through unequal crossing over during male meiosis (3) (4) (5) (6) . This led to the hypothesis that the disease phenotype is caused by over-expression of a gene due to gene dosage (2) . Gene dosage, rather than disruption of a gene by the duplication, was confirmed by the finding of similar demyelinating neuropathies with low nerve conduction velocity in patients with other, cytologically visible, duplications of regions of 17p (7) (8) (9) .
It is now clear that the gene coding for the peripheral myelin protein-22 (PMP22) is responsible for the CMT1A phenotype. The human gene is duplicated in CMT1A patients (10) (11) (12) (13) . In Trembler and Trembler-J mice mutations in the PMP22 gene are responsible for a phenotype resembling human CMT1A including hypomyelination of peripheral nerves, decrease in nerve conduction velocity, and muscle weakness (14, 15) . Also, Valentijn et al. have described a family with CMT1A where a point mutation in PMP22, identical to that found in the Trembler-J mouse, segregates with the disease and shows strong linkage to 17p11.2-p12 markers without the duplication (16) . Finally, a case has been reported where a de novo point mutation has arisen in the PMP22 gene in a sporadic CMT1A case confirming the causative role of PMP22 in CMT1A. Gene dosage of PMP22 as the causative mechanism has been supported by the finding of *To whom correspondence should be addressed increased levels of PMP22 mRNA in nerve biopsies from patients with CMT1A in relation to patients with other neuropathies (17, 18) though the level of protein is reduced (19) .
The CMT1A phenotype in humans most frequently results from a dosage effect caused by the duplication rather than point, or other mutations, of the PMP22 gene. In a number of different studies, the duplication has been found in 68% (6), 92% (20) , 82% (21) and 91% (22) of families with CMT1. The duplication was also found in nine out of 10 de novo cases of CMT1 (23) . Although the Trembler and Trembler-J mice are a model of CMT1A caused by point mutations, they are not a good model for CMT1A caused by over-expression of the PMP22 gene. A knock-out of the PMP22 gene has been reported recently but this again is not a model of the common form of CMT1A (24) .
Thus, CMT1A is a unique case of an inherited partial trisomy, where the major (and maybe only) gene involved in the associated pathology, has been identified. Yeast artificial chromosomes are ideal for creating animal models for over-expression of genes because they contain very large regions of DNA which usually contain all the long range controlling elements which confer full levels of tissue specific expression (25) (26) (27) . This is in contrast to many transgenics made with minigene constructs where the transgene is often expressed at a very low level albeit in the correct tissues (28) . Therefore, we decided to create a mouse model by introduction of a YAC which spans not only the PMP22 gene but a large proportion of the region duplicated in CMT1A patients.
RESULTS

Generation of transgenic mice expressing human PMP22
We have used a 560 kb CEPH YAC (49G7, also called 49H7) which encompasses the proximal part of the CMT1A duplication (4, 12, 13, 29, 30) to make transgenic mice by pronuclear injection. The YAC carries the human PMP22 gene which spans about 40 kb (31) flanked by about 100 kb of upstream sequences and about 300 kb of downstream sequences (Fig. 1a) . The YAC DNA was gel purified and injected using modifications of previously published methods (32, 25) .
Of the lines obtained, one (C22) shows a strong phenotype which is described in this paper. Over four generations the phenotype is fully dominant, linked to the transgene, and becomes apparent at about 3 weeks when the mice are rather unsteady in walking, shake when held in the air, and react more than normal mice to sudden noises and other disturbances. As the mice get older they progressively lose control of the hind legs ending up with a severe disability as shown in Figure 2 . The females are fully fertile and have several litters before becoming too disabled. Interestingly, it has been previously observed that the neuropathy associated with CMT can be exacerbated by pregnancy (33) . However, the males rarely mate and six, including the founder, have died suddenly at 2-5 months of age.
Copy number and intactness of the YAC DNA
To check the integrity of the human transgene, we analysed first the human STS content of the mice. The six STSs shown in the YAC in Figure 1a are spread throughout the YAC and were all found to be present in the mouse genome (data not shown) indicating that there is probably no big deletion in the integrated YAC. PFGE analysis of the PMP22 region was then carried out for two C22 mice (third and fourth generations). The observed ∼100 kb SfiI fragment in the mice is of the same length as that of the control human DNA (Fig. 1b) , indicating that the YAC is largely intact and is the same as the human gene and is transmitted over generations without big rearrangements. This demonstrates that large exogenous fragments can be integrated and transmitted to descendants, without rearrangements, like the endogenous genome.
Using hybridization with a human PMP22 probe, we determined the number of copies integrated in the mouse genome. As a control, human DNA from an unaffected individual (two copies of PMP22), and a HNPP patient (one copy) were used. As can be seen in Fig. 1c,d there are about eight copies of the YAC integrated in the mouse genome (the other strains have only integrated 1-2 copies, data not shown).
Fluorescence in situ hybridisation (FISH) was used to show that the YAC DNA is integrated at a single site which banding indicated was on either chromosome 8 or 12 (Fig. 3 , these two autosomes are very similar). The use of a chromosome 8 specific probe (a gift of C. Vourch) indicated that it is on chromosome 12. There are no known dominant mouse mutants with demyelinating neuropathies segregating with either chromosome 8 or 12 and it is rare for transgenes to have dominant effects due to the position of integration.
Expression of the human PMP22 gene
As the transgenic DNA is very large we expect to get high levels of tissue specific expression. PMP22 is known to be highly expressed in the Schwann cells of the peripheral nerves so the level of human mRNA was compared to the level of mouse mRNA in the sciatic nerve. Semi-quantitative RT-PCR using a pair of primers which amplify both the mouse and human cDNA was used to determine the relative level of expression of the human gene. The human PMP22 mRNA was found to be present in the sciatic nerves at about 1.7 times the level of the mouse mRNA (Fig. 4a) indicating that each human gene (eight copies) is expressed at about 0.4 times the level of each mouse gene (two copies). The tissue specificity of PMP22 expression has previously been analysed by northern analysis of rat RNA and was found to be high in the sciatic nerve, lower in the lung and colon, and lower still in the brain, skeletal muscle, liver, and testis (34, 35) . To see whether the human transgene is also expressed in a tissue specific fashion, we analysed mRNA from a number of tissues of the transgenic mice including brain, spinal cord, liver, kidney and spleen using a three primer system which gives a 190 bp band for the human mRNA and a 314 bp band for the mouse mRNA. In each tissue, the human mRNA is present at slightly higher levels than the mouse mRNA and both human and mouse mRNAs are expressed at very low levels in the spinal cord, brain, and spleen and at a higher level in the liver and testis (Fig. 4b) . Thus the human genes are being controlled in largely the same way as the mouse genes in these tissues.
Histology
Histological examination is probably the best test to determine what pathology is causing the phenotype. Examination with light microscopy showed no changes in brain, cerebellum, brain stem, spinal cord, heart, lung, liver, and optic nerve. Muscle, however, showed the classical features of a denervation process and the sciatic nerve displayed widespread demyelination of medium to large axons without typical onion bulbs while small myelinated fibers appeared well preserved (Fig. 5a) . Some of the axons, either ensheathed by a thin myelin or demyelinated, were abnormally enlarged. There were no signs of acute axonal degeneration, no increase in endoneural connective tissue, and inflammatory cell infiltration was not present. Finally, the teasing technique was consistent with a primary demyelinating process.
Electron microscopy examination confirmed the demyelinating neuropathy. Most of the medium to large axons showed demyelination and remyelination (Fig. 5b) . There was an increase in neurofilaments in some of the large axons. Segmental demyelination was observed on longitudinal sections (Fig. 5c) . Signs of acute myelin breakdown were also noted associated with macrophages entering the Schwann cells in order to phagocytose myelin degradation products. Occasionally, remyelinating axons surrounded by two different Schwann cells were observed. Schwann cell processes forming onion bulbs were present around some demyelinated axons (Fig. 5d ).
DISCUSSION
Thus, we have constructed a mouse strain, suffering from a severe peripheral demyelinating neuropathy, which has most of the phenotypic traits in common with the clinical presentation of CMT1A. The phenotype appears several weeks after birth (about the same time as the appearance of the phenotype in Trembler mice), it is progressive, and preferentially affects the hindlegs. On histological examination, the only tissue to be affected is the peripheral nerves and here there is severe demyelination with occasional onion bulb formations. The high level of expression of the human PMP22 mRNA indicates that the phenotype is likely to be due to the expression of the extra copies of the human PMP22 gene, and that it is indeed perturbations in PMP22 expression that induce the demyelination.
The phenotype in the mice is more severe than CMT1A in that onset in humans is not until the 2nd decade of life and demyelination is not as severe in humans. In addition, there is occasional axonal hypertrophy in the mice, which is not the case in CMT1A. These differences could be due to the high level of expression of the PMP22 gene which is equivalent to an extra three copies of the gene rather than the one extra copy in most patients. A patient homozygous for the duplication has been reported (2) and is clinically more severe than normal with onset at less than 1 year, but the histology has not been described. The differences could also be due to it being a human gene which is being expressed rather than the mouse gene and this could be causing a dominant negative effect similar to point mutations rather than a dominant effect of over-expression found in most human patients.
More experiments will be needed to distinguish between these hypotheses. Analysis of the other mouse lines, which have integrated fewer copies (and their homozygous strains), will give information about the effect of varying amounts of human PMP22 expression. The introduction of a mouse YAC into transgenic mice, and comparison of the phenotype to that obtained with the human YAC will determine whether the human protein is acting differently to the mouse protein. The transgenic mice will also allow us to study the progression of the demyelination.
Using YAC DNA, we have created for the first time a mouse model of a human disease by over-expression of a human gene. The use of YAC DNA for making transgenic mice has the advantage that the gene of interest, in this case the PMP22 gene, is surrounded by a large amount of surrounding DNA. Just eight copies of the transgene was enough to give 1.7 times as much expression as the two mouse genes and the tissue specificity of expression followed that of the mouse gene. Irrespective of the exact mechanism of pathological action of the human PMP22 protein, these mice will be a valuable tool to test therapeutic approaches which are aimed at reducing the level of expression of the human gene.
Such transgenic mice with high levels of expression of human genes, either normal or modified, from YAC DNA should have many applications in studying gene expression and making mouse models in the context of gene therapy. It is also noteworthy that as the transgene is human it will be possible to use the same tools in human somatic cell gene therapy as in the mouse model.
MATERIALS AND METHODS
Generation of transgenic mice
YAC DNA was isolated from preparative pulsed field gels using a modification of a previously described method (32) . After treatment with agarase the DNA solution was concentrated about 2 fold with a Millipore Ultrafree-MC 30,000 NMWL Filter Unit (Millipore Cat # UFC3 TTK 00) and then dialysed for several hours on a Millipore filter (cat no. VMW 02500, type VM, pore size 0.05 µm) against microinjection buffer (10 mM Tris pH 7.4, 0.2 mM EDTA, 100 mM NaCl). Transgenic mice were generated by standard techniques of pronuclear injection (36) using C57BL/6J × CBA/Ca F1 mice as donors. Subsequent crosses were to the same F1 mice.
FISH analysis
For the FISH analysis, Alu PCR products from the YAC 49G7 were synthesised and labelled as described elsewhere (37) . A quantity of 100 ng of labelled probe was preannealed to 20 fold excess of Cot 1 DNA for 20 min at 37_C and then precipitated in ethanol and centrifuged. The pellet was resuspended in 10 µl and hybridized to denatured chromosome spreads at 37_C overnight in 50% formamide. The probe sequences were detected with avidin-FITC (Sigma). Slides were examined on a Zeiss Axiophot microscope equipped with a 3 CCD camera.
DNA analysis
The YAC 49G7, also called 49H7, from the CEPH library (38) has been previously described (4, 12, 13, 29, 30) . Mouse DNA was extracted from cultured fibroblasts using standard procedures both as low molecular weight DNA for analysis of copy number, and as high molecular weight DNA in agarose blocks. Blocks were digested with 20 U of SfiI overnight. Pulse field gel electrophoresis was performed on a BioRad CHEF DRII with a pulse time of 10 s to 45 s over 33 h at 160 V. The gels were blotted on PALL membranes in 10× SSC overnight. The probe was labelled using random priming and stringent washes were performed at 0.1× SSC at 65_C. The signal was imaged and quantitated with a Phosphorimager. The exon 2 probe does cross hybridise to the mouse gene but the sizes of the HindIII and SfiI fragments are different in mouse than human DNA.
RNA analysis
Up to 200 mg of tissue was snap frozen in liquid nitrogen for storage at -80_C for up to 3 weeks. PolyA + RNA was extracted using the Invitrogen Micro-Fast Track kit according to the manufacturer's protocol. A quantity of 10 to 150 ng of polyA + RNA were used for cDNA synthesis using the Invitrogen cDNA cycle kit.
For comparison of the levels of human and mouse mRNA, cDNA was amplified using two primers; 5′ GTC TCC AC C / G ATC GTC AGC CAA TG 3′ (starts at position 249 of accession D11428) and 5′ CTC ATC ACG CAC AGA CCA GCA AG 3′ (starts position 523 of accession D11428) which are homologous to both the mouse and the human cDNAs. The PCR product crosses an intron and does not amplify from genomic DNA. The 275 bp human product cuts with TaqI to give two fragments of 154 and 121 bp and the mouse product cuts with AluI to give two fragments of 198 and 77 bp. Amplification was for 30 cycles and the system was found to give the same ratio of mouse to human with 24 to 32 cycles of PCR. 33 P was incorporated during the PCR and the 2% agarose gel was dried and quantitated using a Phosphorimager (Molecular Dynamics, 'Imagequant' programme).
For section b, three primers were used in the PCR reaction; 5′ CTC TTG TTG GGG ATC CTG 3′ (mouse specific, starts at position 196 of sequence accession number M32240), 5′ CTT CCT CAG GAA ATG TCC 3′ (human specific, starts position 322 of sequence accession number D11428) and 5′ CAG ACC AGC AAG A / G AT TTG 3′ (both, starts at position 512 of sequence accession number D11428). The PCR product crosses an intron and there is no product from genomic DNA. A PCR assay for mouse Hprt cDNA was used to confirm the presence of good quality cDNA in each sample. This system is not quantitative but the intensities of the bands does reflect the amount of specific mRNA present.
Histology
Samples of brain, cerebellum, brainstem, spinal cord, heart, lung, liver, hind leg muscle, and optic and sciatic nerves from transgenic mice were processed for light and electron microscopy.
For light microscopy, samples of brain, cerebellum, and brainstem were fixed in 10% formol, paraffin embedded and stained with hematoxylin-eosin (HE), Loyer method and luxolperiodic acid-Schiff-fast blue. Samples of spinal cord, heart, lung, and liver were fixed in 4% paraformaldehyde, then in 8% paraformaldehyde and stained with HE. Muscle specimens were flash-frozen in isopentane pre-cooled in liquid nitrogen and processed for histology and histoenzymology. Standard staining techniques were used as previously reported (39) . Optic and sciatic nerves were fixed in 2.5% glutaraldehyde and embedded in Araldite. Semi-thin sections were stained with hematoxylinphloxin-saffron (HPS) and paraphenylene diamine (PPD). In addition, a sample of sciatic nerve stained with osmium tetroxide was placed in 66% glycerine for 48 h, then transferred in 100% glycerine for teasing technique.
For electron microscopy, sciatic nerve was fixed in 2.5% glutaraldehyde, post-fixed in 1% osmium and embedded in Araldite. Ultra-thin sections were double-stained with uranyl and lead citrate.
